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A newly structured nanocomposite material based on nanocrystalline ZnO/Yb2O3 has been prepared
by thermal decomposition of Yb-doped zinc carbonate hydroxide. Transmission electron microscopy
has revealed that the prepared nanopowder consists of ZnO nanocrystals of about 50 to 100 nm size
decorated by attached smaller Yb2O3 nanocrystals of about 10 to 15 nm size. X-Ray absorption
spectroscopy, in particular XANES and EXAFS, indicate the charge of Yb ions equals to +3 and
their coordination is oxygen octahedral with the Yb–O and Yb–Yb interatomic distances the same as
in bulk Yb2O3. Photoluminescence spectroscopy unambiguously proves an efficient excitation energy
transfer from the ZnO nanocrystals to the Yb3+ ions. The energy transfer from the ZnO nanocrystals
(absorption range from 250 to 400 nm) to the Yb3+ ions (emission range from 950 to 1100 nm) has
been explained by a model, which considers the quantum cutting effect. The prepared nanocomposite
is promising for application as a down-conversion layer for enhanced solar cells.
Introduction
Zinc oxide (ZnO) nanostructures are very promising candidates for
numerous electronic and optoelectronic applications. They find
applications in gas sensors,1 transparent conductive electrodes,2
electrodes for water-splitting/hydrolysis,3 sun screens,4 UV-lasers,5
light emitting diodes,6 luminescent species for down-conversion
layers,7,8 organic/hybrid solar cells,9 piezotronics and piezo-
phototronics.10
ZnO is a direct wide-gap semiconductor with strong absorp-
tion bands in the UV and blue ranges due to the band–band and
excitons-related optical transitions and high transparency in the
visible and near infrared ranges.11,12 Furthermore, its properties
can be purposely tuned by doping with various elements.7,13–15
At present, there are several different methods and techniques
for synthesis of ZnO nanostructures, e.g. chemical vapor
deposition,16 solution methods,17,18 hydrothermal methods19,20
and growth from salt mixtures.21,22
In this work, a method for the preparation of ZnO:Yb
nanopowder has been proposed, newly structured ZnO/Yb2O3
nanocomposite has been synthesized and the structural and
optical properties of this material have been investigated. We
have detected the luminescence band of Yb3+ at about 1000 nm,
which was excited by energy transfer from the optically pumped
ZnO nanoparticles. The pump power dependence and tempera-
ture dependence of this Yb3+ emission band indicate that a
combination of the quantum cutting (sub-linear) and a minor
admixture of linear intensity dependence mechanisms are
involved in the energy transfer from ZnO to Yb3+ ions. Hence,
a mechanism for the excitation of the Yb3+ emission band has
been proposed and shown to occur mostly by quantum cutting,
i.e. by generation of two photons emitted by the Yb3+ dopant
due to the absorption of one photon by ZnO nanocrystals.
The nanocomposite ZnO/Yb2O3 is proposed for use in down-
conversion layers for enhanced solar cells by encapsulating this
nanopowder in polymer film anti-reflectors on a solar cell.
Experimental section
Zinc oxide, ytterbium nitrate pentahydrate salt, nitric acid and
ammonium hydrocarbonate were purchased from commercial
providers, like Alfa Aesar, and used without purification. Zinc
oxide was dissolved in nitric acid (10 mol%). Ytterbium nitrate
pentahydrate salt was added to the solution. Several samples
with molar ratios of Yb to Zn cations from 0 to 0.01 were
prepared. Zinc hydroxocarbonate (ZCH) was precipitated by
NH4HCO3 aqueous solution, while the molar ratio of carbonate
to zinc ions was equal to 4. The precipitated ZCH, which
contained homogeneously dispersed Yb precursor, was washed
with distilled water and freeze-dried in a laboratory freeze dryer.
The dried powder was annealed in a muffle furnace at 700 uC
during 1 h.
The nanoparticles’ structure/morphology was studied by
means of transmission electron microscopy (TEM) using a
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LEO912 AB OMEGA microscope operated at 100 keV. X-Ray
diffraction measurements (XRD) were carried out using a
Rigaku D/MAX 2500 diffractometer (Cu-Ka radiation). Yb
L3-edge X-ray absorption/fluorescence spectroscopy (XAS)
measurements were done in the fluorescence mode at the
synchrotron radiation facility ‘‘Siberia-2’’, Kurchatov
Synchrotron Radiation Source, Moscow, using a Si(111)
channel-cut monochromator, an ionization chamber as a beam
intensity monitor and an avalanche photodiode as an X-ray
fluorescence detector. The respective measurement techniques
and set ups were described elsewhere.23 Extended X-ray
Absorption Fine Structure spectra (EXAFS) processing and
analysis were carried out using the IFEFFIT code with FEFF
photoelectron scattering amplitude and phase functions.24,25 The
non-linear fitting of the oscillatory parts of EXAFS spectra was
done over the range of wave vector, k, from 3 to 12 A˚21 and
interatomic distance range, r, from 1.4 to 4.3 A˚ using a Hanning
window function. The following parameters were fitted: energy
origin shift (Eo), interatomic distances for the two nearest
coordination spheres Yb–O and Yb–Yb, and the Debye–Waller
factor (s2). The coordination numbers for these spheres were
fixed at the crystallographic values typical of Yb2O3.
For optical measurements the nanopowders have been pressed
in pellets. The excitation and photoluminescence (PL) spectra
have been measured using an Andor Technologies Newton
DU970 EMCCD camera attached to a Shamrock SR303i
spectrometer sensitive in the range from 400 to 1100 nm. A
Solar LS grating spectrometer equipped by a CCD-unit was used
for the PL measurements in the range from 400 to 1500 nm. PL
excitation spectra have been detected using a tunable Xe lamp
(300 W) source. An Ar+ laser operating at 355 and 364 nm
monochromatic lines with a power up to 60 mW was used for
measurements of the dependence of PL intensity on excitation
intensity by attenuating the latter with a set of neutral filters. The
temperature dependence of PL intensity was detected when
cooling down the samples in a He flow cryostat. Spectral
responses of the detection systems have been taken into account.
Results
TEM studies revealed that the ZnO:Yb nanocomposite powder
consists of relatively large 50–100 nm ZnO crystalline nanopar-
ticles with attached Yb2O3 crystalline nanoparticles with a size of
10–15 nm, as seen in Fig. 1(a). Fig. 1(b) shows the selected area
electron diffraction (SAED) pattern of the nanocomposite. The
individual diffraction spots in (b) can be identified as reflexes of
the ZnO nanoparticles, whereas the diffraction circles in (b) can
be attributed to substantially smaller Yb2O3 nanoparticles.
Fig. 1(a) in our manuscript shows that Yb2O3 nanoparticles
locate at the surface of ZnO nanoparticles. This is a typical and
representative picture for our samples. We did not find that
Yb2O3 nanoparticles incorporate inside ZnO nanoparticles by
closer inspection of larger areas/volumes within our samples. The
Yb2O3 inclusions within ZnO nanoparticles could be seen in
TEM images of ZnO nanoparticles of small thickness of less than
100 nm; but we have not detected the Yb2O3 phase inside of even
thinner ZnO nanoparticles.
By switching from the diffraction to imaging mode we got
dark-field images of the nanoparticles responsible for the
diffraction. The fragments of the SAED are depicted in
Fig. 1(c,d), the dark-field images correspond to the areas
highlighted by blue and red circles in Fig. 1b, respectively. In
the case presented by the blue circle, Fig. 1(c), we observe the
scattering of electrons from only the Yb2O3 nanoparticles and
these nanoparticles are visualized. In the case presented by the
red circle, Fig. 1(d), we observe both Yb2O3 and ZnO
nanoparticles contributions and the dark-field image is formed
by small Yb2O3 and large ZnO nanoparticles, respectively.
The ZnO and ZnO:Yb nanopowders were also studied by
means of XRD; an example is shown in Fig. 2. In both doped
and undoped nanopowders, all diffraction peaks are well indexed
as Zincite (JCPDC card 36-1451). For the ZnO:Yb nanopowders,
Fig. 1 (a) TEM images of ZnO/Yb2O3 nanocomposite powder, i.e. of
ZnO crystalline nanoparticles decorated with attached smaller Yb2O3
crystalline nanoparticles; (b) selected area electron diffraction (SAED)
pattern of the area shown in (a); (c,d) dark-field images of the areas
circled and arrowed by the blue and red circles and arrows in (b),
respectively.
Fig. 2 XRD patterns of undoped and Yb-doped ZnO nanopowders
(1 mol% doping). The Miller indices of the wu¨rtzite ZnO crystalline phase
are labeled, respectively. One of the highest intensity reflexes of the
Yb2O3 phase, the (222), is arrowed.















































an extra low intense peak is also seen; it corresponds to the most
intense reflex (222) of the crystalline Yb2O3 phase. None other
reflexes and/or therefore none respective impurities phases were
detected. The lattice cell parameters of the undoped ZnO (a =
3.2506(2) A˚; c = 5.2078(3) A˚) are found to be similar to the
parameters of the Yb-doped ZnO (a = 3.2493(5) A˚; c = 5.2061(1)
A˚).
The spectra of X-ray Absorption Near Edge Structure
(XANES) of the Yb L3-edge of the ZnO:Yb nanocomposite
are shown in Fig. 3. For comparison, the spectra of standard
references of Yb2O3 and YbAl2 are also shown in Fig. 3. YbAl2
is a well-known standard with the homogeneous mixed-valence
state of ytterbium ions with an effective valence of 2.25–2.30.26,27
As it becomes evident from Fig. 3, EXAFS and XANES spectra
of Yb2O3 standard and ZnO:Yb nanocomposite powder show
very similar shape. Therefore, it can be concluded that the
oxidation state and coordination environment of Yb ions are
very similar in our ZnO:Yb nanocomposites and crystalline
Yb2O3 standard reference. None trace of the Yb
2+ was detected
in our ZnO:Yb nanopowders, since the XANES signal from the
Yb2+ valence state is 7 eV below the signal from the Yb3+ state,
as can be seen in Fig. 3 and in Ref. 26,27, and the Yb2+ signal does
not contribute to the spectrum of our ZnO:Yb nanopowders.
The results of the fitting procedure for EXAFS spectra are
shown in Fig. 4 and listed in Table 1. The matching of the
EXAFS and best-fit local structure parameters between the
ZnO:Yb nanopowder and Yb2O3 standard reference indicate
that Yb3+ ions in the Yb-doped ZnO nanopowder are dispersed
in the Yb2O3 phase. A minor difference between the ZnO:Yb
nanopowder and Yb2O3 standard, which can be seen in Table 1
may be related to nano-scale size of the Yb2O3 nanoparticles
and/or slight structural distortions of the Yb2O3 nanoparticles at
the interface with the ZnO nanoparticles.29
Fig. 5(a,b) show PL excitation and emission spectra of
undoped ZnO and ZnO:Yb nanopowders. The PL spectrum of
undoped ZnO shows only one broad emission band with a
maximum in the green at about 550 nm, which is the normal
‘‘intrinsic’’ emission band of ZnO, which is related to oxygen
vacancies, e.g. in Ref. 11,12,31,32 and references therein. The PL
spectrum of the Yb doped nanopowder shows an extra emission
band at about 1000 nm, typical of the Yb3+ dopants, e.g. in Ref.
7,8,14,30 and references therein. Therefore we ascribe this band
to the Yb3+ dopant, noting that this band is even stronger than
the green PL band of the ZnO host. The excitation spectra for
the green PL (detected at 550 nm) and for the Yb3+ (detected at
980 nm) emission bands are shown in Fig. 5(b).
The excitation maximum at about 380 nm, Fig. 5(b), in the
Yb-doped sample can be attributed to the excitation of Yb3+ via
an exciton state of the ZnO host, because it exactly corresponds
to the exciton absorption band of ZnO (Ref. 11,12 and references
therein). A weaker shoulder at shorter excitation wavelengths
can be related to the direct excitation of Yb3+ from the
conduction band of ZnO and also to the charge transfer from
d-states of Yb3+ (Ref. 14,33 and references therein). Thus, the
main excitation mechanism for the Yb3+ emission is due to the
energy transfer from exciton state of the ZnO host; this
conclusion is in agreement with results of Ref. 7,14. On the
other hand, as represented by the red curve in Fig. 5(b), the green
intrinsic PL band of ZnO occurs only by energy transfer from the
conduction band of ZnO by thermal relaxation of the excited
carriers to the oxygen vacancies with subsequent emission from
these deep vacancies. The mechanism for the intrinsic green
emission band of ZnO is known from the literature, e.g. in Ref.
7,11,31,32 and references therein. The mechanisms for the
intrinsic ZnO and Yb3+ dopants luminescence are depicted
schematically in the energy level diagram of Fig. 6.
Fig. 5(c,d) show the temperature dependence of the Yb3+ PL
band and its intensity dependence at room temperature,
respectively. The temperature dependence, when presented in
Arrhenius coordinates, shows two different linear slopes at low
and high temperature ranges, indicating two different energy
transfer processes for the excitation of Yb3+ luminescence, as
discussed further. The slope of about 0.5 in the intensity
dependence shown in Fig. 5(d) indicates that the emission of
Yb3+ occurs mostly by a quantum cutting mechanism, when one
photon absorbed by the ZnO host initiates emission of two
photons by Yb3+ dopants. The quantum cutting mechanism was
predicted theoretically in Ref. 34.
Discussion
The obtained experimental results show that incorporation of
Yb3+ ions within a ZnO crystalline host cannot be achieved. On
the one hand, it agrees with the literature data, which
demonstrated that different rare earth dopants cannot be
dispersed within the ZnO crystalline phase and after annealing
outdiffusion leads to the surface segregation of the rare earth
ions implanted in the ZnO matrix.35–39 It is obviously related to
differences in ionic radii and charging states of Zn2+ (0.88 A˚) and
Yb3+ (1.01 A˚).40 On the other hand, we have found that
incorporation of Yb3+ ions within a ZnO crystal lattice actually
is not required for the efficient energy transfer ZnOAYb3+ to
take place. The latter can be realized when tiny Yb2O3 particles
are attached to ZnO nanocrystals, while the nanoscale of the
particle size is the principal aspect here as it ensures a larger
surface/volume ratio and therefore larger surface contact
between the ZnO and Yb2O3 nanoparticles. In fact, the
Fig. 3 Yb L3-edge XANES spectra of the ZnO:Yb nanocomposite
powder (doping level 1 mol%, blue curve), and of the Yb2O3 standard
(red curve) and YbAl2 standard (black curve) references.















































nanocomposite ZnO/Yb2O3 powder prepared in this work
ensures a tight contact and energy transfer between the ZnO
and Yb2O3 nanophases.
The proposed synthesis method results in the nanocomposite
ZnO/Yb2O3 owing to a high homogenization of the precursor
with high reactivity of the components at the synthesis
temperature, which prevents growth of the Yb2O3 and ZnO
phases as microscale aggregates and initiates a nanoscale
reaction between Yb2O3 and ZnO. The freeze-drying technique
was used in this work to eliminate the water from the precursor
without allowing growth of the micro-phases.41
The diagram of the energy levels in Fig. 6 depicts the involved
energy levels and optical transitions accounting for the presented
PL data of Fig. 5. The pairs of Yb3+ ions should be close to each
other to provide the necessary condition for efficient quantum
cutting, i.e. for the simultaneous excitation of two Yb3+ ions by
nonradiative decay of one exciton in ZnO. In this respect, the
exciton Bohr radius of ZnO equals 14 A˚;42 and then the pairs of
Yb3+ ions can certainly be encompassed by an exciton of such
radius. Here, it is very important to note that, in the Yb2O3
phase, interatomic distances between the Yb3+ ions are short (see
Table 1), which essentially promotes the quantum cutting
process by energy transfer from the exciton state. This explains
the square root law of the PL intensity dependence on excitation
power (see Fig. 5(d)), which is typical of the quantum cutting
mechanism.7 Note the quantum cutting processes in Yb-doped
and co-doped glasses and phosphors were reported in Ref. 43–
45. A particular feature of the photon-cutting assisted energy
transfer observed in our work is the involvement of intrinsic
exciton states of the nanocrystalline ZnO matrix. A similar effect
was recently detected for silicon nanocrystals in silicon dioxide
matrix doped with Er.46
Based on the temperature dependence of Yb3+ PL (Fig. 5(c))
we conclude that two different quantum cutting mechanisms can
be involved in the Yb3+ excitation. At high temperatures the PL
intensity of Yb3+ depends more on temperature (the activation
energy is about 16 meV), indicating a contribution of the
Fro¨hlich mechanism to the involved electron–phonon interac-
tion, when the lattice phonon initiates an interaction between the
interacting dipoles in the donor (ZnO) and acceptor (Yb2O3) of
energy.34 At low temperatures the PL intensity of the Yb3+ band
varies weakly with temperature (the activation energy is about
0.7 meV), indicating the energy transfer is likely to be a tunneling
process.
The prepared ZnO/Yb2O3 nanocomposite can be used in
silicon photovoltaics, in particular, for down-conversion of the
solar spectrum. The down-conversion is required in order to
avoid a mismatch between the incident solar photon energy and
the band gap of silicon, which is mostly employed in modern
solar cells; the mismatch results in thermal losses of solar energy
that degrade the solar cells, e.g. in Ref. 7,30,33,47. The well
Fig. 4 Oscillatory parts and Fourier transforms of Yb L3-edge EXAFS spectra for Yb2O3 (a,c) and ZnO:Yb (b,d) nanopowders. Experimental data
are presented by black lines and the best fits by the red lines.
Table 1 Interatomic distances in ZnO:Yb nanopowder (doping 1 mol%)
and Yb2O3 standard reference deduced from the EXAFS data of Fig. 3.
The accuracy is ¡0.01 A˚. The values in parenthesis correspond to
crystallographic data for Yb2O3 standard
28
Yb–O Yb–Yb1 Yb–Yb2
Yb2O3 2.23 (2.21–2.28) 3.46 (3.46–3.48) 3.93 (3.93–3.95)
ZnO:Yb 2.21 3.47 3.94















































known Shockley–Queisser criterion says the maximum energy
conversion efficiency (EQE) for conventional silicon solar cells is
limited to 30%,48 but it has been recently suggested that the EQE
value of silicon cells can be enhanced up to 40% by placing a thin
down-conversion layer on the top of the cell,49 which converts
the solar spectrum from UV-blue to longer wavelengths. Light-
emitting ions of Yb3+ are especially promising for such down-
conversion applications due to matching of the Yb3+ emission
band, around 1000 nm, to the wavelength range of maximum
light-to-current EQE of silicon solar cells.50–52
Conclusions
In this work, a new nanocomposite ZnO/Yb2O3 has been
prepared by thermal decomposition of a mixed salt precursor.
It is found that Yb3+ ions do not dissolve within the ZnO
crystalline matrix but rather form Yb2O3 nanoparticles in a tight
contact with larger ZnO nanoparticles, thus forming the
nanocomposite. An efficient energy transfer from ZnO nano-
particles to Yb3+ ions has been detected, which occurs mostly by
the quantum cutting mechanism. The nanocomposite ZnO/
Yb2O3 can be proposed for use in down-conversion layers for
enhanced solar cells by encapsulating this powder in polymer
film anti-reflectors on solar cells, such as EVA and PMMA.
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Fig. 5 (a) Normalized PL spectra of undoped (red curve) and Yb3+-doped (blue curve) ZnO nanopowder excited at 355 nm; (b) normalized excitation
spectra of the intrinsic (red curve) and Yb3+ (green curve) PL bands of ZnO:Yb nanopowder; (c) temperature dependence of the Yb3+ emission band of
ZnO:Yb nanopowder excited at 364 nm; (d) room temperature pump power dependence of the Yb3+ PL band excited at 364 nm. The excitation and
detection conditions, and the slopes are labeled, respectively; the Yb3+ doping level was 1 mol%.
Fig. 6 Energy level diagram illustrating the energy transfer processes by
quantum cutting from the ZnO exciton state to a pair of Yb3+ ions
nearby. The purple solid up-headed arrow shows excitation of electrons
from the valence (VB) to the conduction band (CB) of ZnO. The violet
horizontal line shows the exciton energy level of ZnO. A wavy black line
shows trapping of electrons from the conduction band of zinc oxide by its
intrinsic defects (oxygen vacancies) post-signed by the letter V, with
subsequent emission of intrinsic green luminescence (green down-headed
arrow). Red horizontal lines show the involved energy levels of Yb3+ ions
and the black down-headed arrows indicate an experimentally detected
emission of Yb3+ at about 1000 nm. The dashed black lines indicate
energy transfer processes by quantum cutting from the ZnO exciton to
the Yb3+ ions.
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